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ABSTRACT
Aims. We aim at describing and understanding binary interaction processes in systems with very evolved companions. Here, we focus
on understanding the origin and determining the properties of the high-velocity outflow observed in one such system.
Methods. We present a quantitative analysis of BD+46◦442, a post-AGB binary that shows active mass transfer that leads to the
creation of a disk-driven outflow or jet. We obtained high-resolution optical spectra from the HERMES spectrograph, mounted on the
1.2 m Flemish Mercator Telescope. By performing a time-series analysis of the Hα profile, we identified the different components of
the system. We deduced the jet geometry by comparing the orbital phased data with our jet model. In order to image the accretion
disk around the companion of BD+46◦442, we applied the technique of Doppler tomography.
Results. The orbital phase-dependent variations in the Hα profile can be related to an accretion disk around the companion, from
which a high-velocity outflow or jet is launched. Our model shows that there is a clear correlation between the inclination angle and
the jet opening angle. The latitudinally dependent velocity structure of our jet model shows a good correspondence to the data, with
outflow velocities higher than at least 400 km s−1. The intensity peak in the Doppler map might be partly caused by a hot spot in the
disk, or by a larger asymmetrical structure in the disk.
Conclusions. We show that BD+46◦442 is a result of a binary interaction channel. The origin of the fast outflow in this system might
be to a gaseous disk around the secondary component, which is most likely a main-sequence star. Our analysis suggests that the
outflow has a rather wide opening angle and is not strongly collimated. Our time-resolved spectral monitoring reveals the launching
site of the jet in the binary BD+46◦442. Similar orbital phase-dependent Hα profiles are commonly observed in post-AGB binaries.
Post-AGB binaries provide ideal test beds to study jet formation and launching mechanisms over a wide range of orbital conditions.
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1. Introduction
Planetary nebulae (PNe) and proto-planetary nebulae (PPNe)
display a wide variety in shapes; they have point-symmetric,
bipolar, or even multipolar structures. Jet formation is an im-
portant mechanism for the shaping of the circumstellar mate-
rial in PNe, but it still remains a poorly understood phenomenon
(Jones & Boffin 2017). In this model, a collimated high-velocity
outflow or jet operates during the late asymptotic giant branch
(AGB) or early post-AGB phase and leads to the observed asym-
metric PNe and PPNe (Sahai & Trauger 1998).
Two proposed mechanisms for the formation of these jets,
which are not mutually exclusive, are the presence of magnetic
fields (Garcı´a-Segura et al. 2005) and a close binary companion
(Morris 1987). Soker (2006) showed that a single star cannot
supply the energy and angular momentum carried by the mag-
netic fields in order to shape the circumstellar outflows. Hence,
a companion is needed. The companion in the binary system ac-
? Based on observations made with the Mercator Telescope, operated
on the island of La Palma by the Flemmish Community, at the Spanish
Observatorio del Roque de los Muchachos of the Instituto de Astrofsica
de Canarias.
?? Reduced spectra are only available in electronic form at the
CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/
cretes matter from the evolved star either by accreting the AGB
wind or through Roche-lobe overflow (RLOF) (De Marco 2009,
and references therein). This induces the formation of an accre-
tion disk around the companion, facilitating a disk-driven out-
flow, where the presence of a magnetic field could also play
an important role in the launching and collimation of the jets
(Nordhaus et al. 2007).
Blackman & Lucchini (2014) determined the minimum
accretion rates for 19 PPNe from their observed outflow
momenta, assuming a main-sequence (MS) star or white dwarf
(WD) as accretor. These accretion rates were compared with
theoretical accretion models, from which they concluded that
Bondi-Hoyle-Lyttleton wind accretion and wind RLOF are
too weak to establish the outflow. The mechanisms that are
capable of powering the outflows of these objects are RLOF and
accretion during the common envelope evolution.
The central regions of PNe and PPNe are highly embedded,
however. Hence, the difficulty of probing the inner regions of
these systems makes it complicated to study the origin and
properties of the mechanisms responsible for their shaping.
In order to acquire more knowledge in these fundamental
questions, it is interesting to study optically bright post-AGB
stars that also show the presence of a jet. The post-AGB is only
a short-lived phase in the lifetime of the star, during which the
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central star will become hotter and is surrounded by the ejected
circumstellar material. For optically bright post-AGB stars with
a near-infrared excess in their spectral energy distribution, this
material will most often reside in a circumstellar Keplerian
disk (Van Winckel 2003). Radial velocity measurements of
post-AGB stars with a disk have revealed a binary nature for
several of these systems (e.g. Waelkens et al. 1991; Waters
et al. 1993; Van Winckel et al. 1995). Since this discovery, long
monitoring programmes have been initiated (e.g. Van Winckel
et al. 2009) in order to detect more systems that show binarity.
By now, it is generally accepted that all post-AGB stars with a
disk-like structure are part of a binary system.
Most post-AGB binaries are not spatially resolved and do
not show a nebula. These objects are called naked post-AGB
stars (e.g. Lagadec 2017, and references therein). An exception
is the Red Rectangle nebula. This is a bipolar post-AGB star, sur-
rounding HD 44179 (Cohen et al. 1975), for which a binary was
discovered by Waelkens et al. (1996) and which also shows the
presence of jets. The system contains an X-shaped biconical out-
flow, which emerges from an optically thick disk (Men’shchikov
et al. 1998; Cohen et al. 2004). Since the disk is seen nearly
edge-on, the central region is observed by scattering of the pho-
tons above and below the disk. Witt et al. (2009) presented the
results of a seven-year spectroscopic program of the RR. From
the variations in the Hα line profile, they revealed that the sec-
ondary component in this system is the origin of the fast bipolar
outflow, which reaches velocities of up to 560 km s−1. The accre-
tion disk surrounding the secondary is identified as the source of
the Lyman/far-UV continuum.
The study of the RR shows that it is possible to obtain
knowledge about the origin and properties of jets. In addition to
the RR, the presence of a jet is described in another post-AGB
binary as well, namely BD+46◦442 (Gorlova et al. 2012). This
is a naked post-AGB binary, surrounded by a circumbinary
Keplerian disk. As for the RR, the Hα line profile variations are
related to a high-velocity outflow or jet. The main advantage
of this system is that its central region is not highly obscured
and can thus be observed directly, in contrast to the RR, which
is seen in scattered light. These ideal observational conditions
make systems such as BD+46◦442 optimal to study the physical
mechanisms that lead to jet creation.
In this work, we present the results of our detailed modelling
of the post-AGB binary BD+46◦442. The paper is organised as
follows: we introduce the observations (Sect. 3) and the object
(Sect. 2). We present our time-series analyses of the Hα-line and
several other line profiles in Sect. 4. A deduction of the geometry
of the jet is presented in Sect. 5. In Sect. 6, the technique of
Doppler tomography is applied in order to resolve the circum-
companion accretion disk. We discuss these results in Sect. 7.
2. Properties of BD+46◦442
The source BD+46◦442 is a G-type metal-poor evolved star.
Gorlova et al. (2012) estimated stellar parameters from the spec-
tra by comparing the hydrogen and metal lines with synthetic
profiles. Their estimated stellar parameters are given in Table
1. Furthermore, they found that the spectral energy distribution
(SED) of BD+46◦442 shows a clear excess emission beyond
λ = 2 µm, with a downwards slope towards higher wavelengths
(see Fig. 6 in Gorlova et al. 2012). This is also a clear indication
of a post-AGB binary with a circumbinary disk (e.g. De Ruyter
et al. 2006; Manick et al. 2017). Gorlova et al. (2012) also
Table 1: Effective temperature Teff , surface gravity log g, and
metallicity [M/H] of BD+46◦442 derived by Gorlova et al.
(2012).
Teff log g [M/H]
(K) (dex)
6250 ± 250 1.5 ± 0.5 −0.7 ± 0.2
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Fig. 1: Radial velocities of the primary component of
BD+46◦442. The full line denotes the RV curve for a Keplerian
orbit with the orbital parameters given in Table 2
determined the orbital parameters of BD+46◦442 from the
radial velocity (RV) variations of 60 spectra. They derived an
orbital period of P = 140.77 ± 0.02 d, with an eccentricity of
e = 0.08 ± 0.002 and an RV of K1 = 23.66 km s−1 for the
giant. The periodic RV variations in combination with the peak-
to-peak difference in RV are a clear indication of a Keplerian
orbit of the giant instead of pulsations. The companion has an
estimated RV amplitude of K2 = 15 ± 5 km s−1. This leads to
a mass ratio of q = K1/K2 = 0.6 and indicates the companion
to be the more massive component, with the giant being a
post-AGB star that went through a significant period of mass
loss. We assume this mass ratio for further calculations.
Since we have a larger sample of 104 spectra available, we
updated the radial velocities and orbital parameters by applying
the same method. The redetermined radial velocities are given
in Table B.1 of the appendix, and they are plotted as a function
of time and phase in Figs. 1 and 2, respectively. The orbital pa-
rameters obtained from the orbital fit solution are period, P, time
of periastron passage, T0, eccentricity, e, argument of periastron,
ω, systemic velocity, γ, semi-amplitude of the evolved compo-
nent, K1, semi-major axis of the evolved component, a1 sin i, and
the mass function f (m). These orbital parameters are given in
Table 2. From here on, we consider the giant as the primary com-
ponent and the companion as the secondary component.
We represent the phase-dependent variations of the spectral
lines in the dynamic spectra of Fig.3. The Ba II 6141.7 Å line
follows the RV curve of the primary component. Hence, this ab-
sorption line is a photospheric component of the primary (also
present in other spectral lines not illustrated in this paper, e.g.
2
Bollen et al.: Jet formation in BD+46◦442
Table 2: Spectroscopic orbital solutions of the primary compo-
nent of BD+46◦442.
Parameter Value σ
P (d) 140.80 0.03
T0 (BJD) 2455095.1682(6) 1.7468(4)
e 0.076 0.006
ω (◦) 100 4
γ (km s−1) -97.44 0.10
K1 (km s−1) 24.02 0.15
a1 sin i (AU) 0.310 0.002
f (m) (M) 0.200 0.004
0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 2: Phase-folded radial velocities of the primary component
of BD+46◦442 (upper) with a period of 140.80 days and the
residuals of the fit (lower) with the grey area as ±3σ margin.
The line curve in the upper panel denotes the RV curve for
a Keplerian orbit with the best-fit orbital parameters given in
Table 2.
Ca II, Fe II, NaD, Mg I, and K I). The Fe I 8047.6 Å emission
profile shows a constant RV throughout the orbital phase, with
a FWHM ≈ 50 km s−1. This emission most likely originates
from a circumbinary gaseous disk that is located in between the
binary and the dusty circumbinary disk (Gorlova et al. 2012).
Grundstrom et al. (2007) proposed a similar gaseous disk to be
created by a trailing gas stream in another system, namely RY
Scuti. The gas stream flows through the L2 point and spirals
around the system, from which a gaseous disk would eventu-
ally be established. Following this hypothesis, we assumed the
gaseous disk around BD+46◦442 to have an inner disk rim at
a similar distance from the centre of mass of the binary system
as the L2 point. For inclinations in the range of 40 − 90◦, the
L2 point will be located at 1.13 − 0.73 AU from the centre of
mass. The HWHM (≈ 25 km s−1) of the Fe I 8047.6 Å is a good
indication for the velocities of the matter in the inner regions of
the disk. When we use the total mass of the binary system as
the central mass, the radius corresponding to Keplerian veloci-
ties of 25 km s−1 ranges between 4.4 − 1.2 AU for inclinations
of 40 − 90◦. Hence, the radius of the inner disk region is indeed
larger, but of the same order as the radius of the L2 point, as
expected.
The most interesting variations appear in the dynamic spec-
tra of Hα, Hβ, and Hγ. These variations are due to a high-
velocity outflow or jet that originates from an accretion disk
around the companion, as discussed in Sect. 4. Gorlova et al.
(2012) performed no quantitative analysis. In this work, we pro-
vide a more thorough analysis on the origin and properties of the
jet.
3. Observations and data reduction
The system BD+46◦442 is part of a large RV monitoring pro-
gramme on evolved binaries, to study binary evolutionary chan-
nels (Van Winckel et al. 2010). The observations were performed
in order to achieve accurate RV estimates to derive the orbital
parameters of the binary systems. One hundred and four spectra
of BD+46◦442 were obtained between July 2009 and January
2016. The high-resolution (R ∼ 85000) optical spectra were ob-
tained with the HERMES spectrograph (Raskin et al. 2011) at
the 1.2m Mercator telescope at the Roque de los Muchachos
Observatory, La Palma, Spain. The HERMES spectrograph is
located in a temperature-controlled room and is connected to the
telescope by an optical fibre in order to optimize wavelength sta-
bility and efficiency. The observing dates and exposure times of
the spectra are shown in Table B.1 of the appendix. The expo-
sure times of the spectra range between 500−1800 s, covering 55
orders and a wavelength range from 3770 to 9000 Å. A Th-Ar-
Ne lamp was used as calibration source for the wavelength cal-
ibration. The Th-Ar-Ne exposures, biases, and flats were taken
at the beginning and end of the night, with an additional wave-
length calibration in the middle of the night. The raw spectra
were reduced automatically at the end of each night using the
specific Python-based HERMES pipeline. The reduction proce-
dure of the pipeline also includes the correction for the barycen-
tric motion. The RV stability is found to be as good as 60 m s−1
based on observations of more than 2000 RV standards over the
whole time-line. The main contributor to the velocity zero-point
shift is the pressure variation.
4. Time-series analyses of the hydrogen Balmer
lines
The most pronounced variations in the dynamic spectra appear
in the Hα profile of BD+46◦442. This line profile varies
between a double-peaked emission profile and a P Cygni-like
profile (Fig. 4). A constant central absorption component is
also present and blueshifted with −13 km s−1 from the systemic
velocity. It is noteworthy that none of these features follows the
RV curve of the primary, which indicates that they are unrelated
to the photosphere of the primary. The double-peaked emission
profile is most pronounced during inferior conjunction (φ = 0)
and is centred on the central absorption component, from which
the blueshifted and redshifted emission lines are shifted with
−60 km s−1 and 60 km s−1, respectively. Half an orbital phase
later, at superior conjunction (φ = 0.5), the companion is located
between us and the primary, and the double-peaked emission
profile has changed to a P Cygni-like profile with an extended
blueshifted absorption wing. This wing reaches velocities of
between 300 and 400 km s−1 from the systemic velocity. A
similar feature can be seen in the Hβ and Hγ profile, and is
slightly present in the NaD profile variations. It is interesting
to note that the central absorption feature in the hydrogen lines
decreases in strength from Hα to Hγ, unlike the photospheric
component of the primary, which becomes more pronounced
3
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Fig. 3: Dynamic spectra of Ba II, Fe I, NaD, Hγ, Hβ, and Hα of BD+46◦442 as a function of orbital phase, showing different phase-
dependent variations in the line profiles. The velocity on the x-axis denotes the RV shift from the laboratory wavelength. The white
dashed line represents the systemic velocity, and the white full line represents the RV curve of the primary component. The colour
indicates the continuum-normalised flux.
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Fig. 4: Continuum-normalised Hα profile at inferior conjunction or at phase φ = 0 (left), and superior conjunction or at phase
φ = 0.5 (right).
for higher Balmer lines.
Figure 5 shows the photospheric-subtracted dynamic spectra
of Hα. A synthetic stellar spectrum of Coelho et al. (2005) 1 was
used for this substraction as the model spectrum of the primary,
with stellar parameters Teff = 6250 ± 250K, log g = 1.5 ± 0.5,
and [M/H] = −0.7 ± 0.2. Again, we can distinguish two
main features in these dynamic spectra of Hα: (1) an extended
blueshifted absorption wing, appearing between phase φ = 0.4
and φ = 0.7, (2) and a double-peaked emission feature with a
peak-to-peak difference in RV of 100 km s−1.
The variations in the dynamic spectra of the Hα profile can be
explained by the formation of a high-velocity outflow or jet
that originates from an accretion disk around the companion
(Gorlova et al. 2012). This circum-companion accretion disk is
likely established by an active mass-transfer from the giant or
from the gaseous disk. During superior conjunction (φ = 0.5),
our line-of-sight towards the observer is obscured by the jet.
Hence, the continuum photons originating from the primary are
scattered out of the line-of-sight by the H-atoms in the jet, such
that we see the Hα in absorption. The blueshifted absorption
reaches radial velocities of −400 km s−1, and thus corresponds
to the high velocities of the H-gas inside the jet.
As Gorlova et al. (2012) pointed out, the double-peaked
emission feature in the Hα profile is a good indication for a gas
disk in the system. We showed the disk to be circumstellar in-
stead of circumbinary by calculating the innermost radius of the
disk. When we assume the disk to be circumbinary, the inner-
most radius cannot be less than the semi-major axis of the pri-
mary component. For a mass ratio of q = 0.6 and projected semi-
major axis of a1 sin i = 0.31 AU, the projected rotational veloc-
ities above 60 km s−1 would already be reached at radii smaller
than the semi-major axis of the primary. Hence, we conclude that
the disk cannot be circumbinary. It is more likely for the emis-
sion to originate from the accretion disk around the secondary
component, in which case the accretion disk would be located
well inside the Roche lobe of the secondary. Hence, the forma-
tion of the jet likely originates from this accretion disk around
1 http://specmodels.iag.usp.br/fits search/?refer=s coelho05
the secondary component.
The only inconsistency that arises is the absence of an RV shift
in the double-peaked emission. We would expect the emission
to follow the RV curve of the secondary with an amplitude of
∼ 14 km s−1 (which would be the case for q = 0.6). Instead,
the emission has a constant RV and is centred on the central ab-
sorption feature, which has an RV shift of −13 km s−1 from the
systemic velocity. Thus, either the mass ratio is even lower or
the double peaked emission has its origin elsewhere. In the fol-
lowing sections, we discuss this more thoroughly.
5. Jet geometry of BD+46◦442
To deduce the geometry of the jet and estimate the inclination
of the system, the jet angle, and the velocity profile of the jet,
we used a similar approach as in Thomas et al. (2013). They
studied the geometry and velocity structure of the RR bipolar
jet. The main difference between the RR and BD+46◦442 is that
the RR is observed almost edge-on, with an inclination of 85◦,
and is obscured by its circumbinary disk. Hence, in the RR, the
central star is seen indirectly by scattering below and above the
circumbinary disk. This is not the case for BD+46◦442, where
the central star is seen directly.
5.1. Geometrical model
In order to determine the jet angle and the velocity profile of the
jet, some assumptions were made for the geometrical model of
the system. Figure 6 illustrates this geometrical model adopted
for the analytical calculations. A detailed description of these
analytical calculations is presented in Appendix A. We show the
primary component, which is represented as a uniform disk, and
the bipolar outflow. This outflow originates from the secondary
component and is considered as a double cone, with α being the
half-opening angle of the cone. The axis of the cone is parallel
with the z-axis. The disk and double cone are centred on the
position of the primary (for the former) and the secondary (for
the latter). The disk surface is normal to the unit vector nˆ, which
represents the direction of the line of sight towards the observer.
The line of sight always stays parallel to the yz-plane. The angle
i denotes the inclination of the system, and the angle θ is the
5
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Fig. 5: Left: Dynamic spectra of the photospheric-subtracted Hα profile for BD+46◦442 as a function of orbital phase. Right: The
original continuum-normalised Hα profile at phase φ = 0.99 (full grey line). The synthetic photospheric model (dashed black line)
is overplotted with stellar parameters Teff = 6250K, log g = 1.5, and [M/H] = −0.5. The lower right panel is the photospheric-
subtracted profile.
latitudinal polar coordinate in the jet, which varies between 0
and α. The velocity at a certain position in the jet is given by
v(r, θ), with r the radial distance from the jet centre. Velocities
at the jet axis are denoted by v0, while those at the jet edges are
given by vα.
To determine the orbit of the primary and secondary, we used
the orbital parameters of Table 2. The values for the semi-major
axes of the orbits are determined by the applied inclination,
which is a free parameter for the calculations. The radius of the
primary (and thus also of the uniform disk in the model) is de-
termined from the relation between luminosity, temperature, and
stellar radius. We approximated the giant by a black body and
applied the Stefan-Boltzmann law. Assuming a post-AGB lumi-
nosity of 2500 L and the effective temperature of Teff = 6250 K,
which was derived by Gorlova et al. (2012), we obtain a radius
for the primary of Rp = 0.20 AU, which was applied in our
model.
5.2. Jet angle
The blueshifted absorption wing in Fig. 5 increases in strength
from phase φ = 0.4 to φ = 0.55 and decreases again afterwards.
This behaviour is correlated to the occultation of the primary by
a high-velocity jet in our line of sight, and hence can be related
to the amount of absorption by the jet. This absorption by the jet
increases as the jet enters our line of sight, until the maximum
coverage (during superior conjunction or φ = 0.5). Afterwards,
this path length through the jet decreases again, and so does the
amount of absorption by the jet.
In order to determine the inclination and jet angle, we related
the amount of absorption in the Hα profile with the amount of
absorbing material in the jet. First, we determined the amount
Fig. 6: Geometrical model for the calculations of jet angle and
velocity profile. We assume the primary component to be a uni-
form disk, represented as the yellow ellipse in the illustration.
This uniform disk is orientated normal to the line of sight and
with its centre on the orbit of the primary. The bipolar outflow
is considered as a double cone, which is centred at the orbital
position of the secondary. The system depicted here is during
superior conjunction or around phase φ = 0.5.
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Fig. 7: Radial velocity ranges used for the equivalent width mea-
surements of BD+46◦442. The two spectra shown are at inferior
conjunction or at phase φ = 0 (top), and superior conjunction or
at phase φ = 0.5 (bottom). The three ranges ∆vr1, ∆vr2, and ∆vr3,
are equivalent to the wavelength regions ∆λ1, ∆λ2, and ∆λ3.
of absorption by the jet at a certain orbital phase by measur-
ing the equivalent width WHα(φ) of the Hα profile. The amount
of absorbing material can be represented by the column density
of the jet Nl. Since we assumed the jet to be optically thin, the
equivalent width is linearly proportional to the column density
in the jet:
W = −Nl
∫ ν2
ν1
σνdν. (1)
Then, we compared the resulting equivalent width values of the
observations with a model that calculates the orbital phase de-
pendency of the normalised path length through the jet, for dif-
ferent values of inclination and jet angle.
The equivalent width WHα(φ) of the Hα profile was calcu-
lated for each photospheric-corrected spectrum in the follow-
ing wavelength regions: ∆λ1 = [6550.00; 6558.35] Å, ∆λ2 =
[6550.00; 6560.63] Å, and ∆λ3 = [6550.00; 6565.63] Å, which
corresponds to a range in RV shift from the systemic velocity
of ∆vr1 = [−486;−104] km s−1, ∆vr2 = [−486; 0] km s−1, and
∆vr3 = [−486; 229] km s−1. These three ranges are also shown in
Fig. 7. The equivalent width was calculated for three different re-
gions instead of just one, since each region includes or excludes
different features of the Hα profile.
The variations in equivalent width are phase-dependent
and reach a maximum value during the occultation by the
jet. However, the maximum value of the equivalent width is
different for each cycle of 140.8 days, as shown in Fig. 8. This
is an indication that the outflow itself is variable throughout
Fig. 8: Equivalent width measurements (in units of Å) for
BD+46◦442 in the wavelength region ∆λ1 for each observation.
Fig. 9: Normalised equivalent width measurements for
BD+46◦442 of the observations taken between BJD =
2455790 d and BJD = 2456000 d. The circles, squares, and
crosses represent the measurements of the equivalent width for
the wavelength ranges ∆λ1, ∆λ2, and ∆λ3 respectively.
time and suggests that the mass-transfer rate is variable as well.
A similar variable mass-transfer rate has been suggested for
cataclysmic variables (Knigge et al. 2011), where the variable
mass transfer can be caused by the expansion and contraction of
the donor star, which can affect the evolution of accreting white
dwarf systems (Toonen et al. 2014).
Since the equivalent width measurements at different orbital
cycles are variable, we only considered the observations taken
between the time interval BJD = 2455790 − 2456000 d, which
is well sampled. The normalised equivalent width measurements
for these observations were compared with a model that deter-
mines the normalised path length s(φ) through the jet at each
orbital phase, shown in Fig. 9. All data points are scaled accord-
ing to the minimum and maximum values:
WnormHα (φ) =
WHα(φ) −Wmax
Wmax −Wmin . (2)
As we can see in Fig. 10, the equivalent width only stays constant
between phases φ = 0.1 and φ = 0.4, but drops to its lowest value
around phase φ ≈ 0. If the change in equivalent width would
only depend on the absorption by the jet, however, we would ex-
pect it to stay constant at a minimum value, when the primary
is not obscured by the jet. Since multiple features in the system
can affect the equivalent width measurements, this decrease is
7
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Fig. 10: Normalised equivalent width measurements for
BD+46◦442 of the observations taken between BJD =
2455790 d and BJD = 2456000 d. Each data point is the mean
of the measurements for the three wavelength ranges, and the
error bars represent one standard deviation. Model calculations
(dash-dot, dotted and dashed curves) and the best-fit model
(solid black curve) are overplotted.
most likely caused by an additional source of emission, such as
a hot spot in the accretion disk. Hence, the mean of the measure-
ments at phases φ = 0.27 and φ = 0.33 was taken as minimum
value. The normalised path length was fitted with the normalised
equivalent width measurements using a χ2-test. The equivalent
width measurements between orbital phases φ = 0 − 0.2 and
φ = 0.75 − 1 were not used for the fitting procedure, since they
include effects from other features in the system. The phase of
maximum absorption of the model was allowed to be variable.
The curve with parameters i = 80◦ and α = 68◦ shows the
best-fit model, which matches the data fairly well. The model
calculations also show the effect of a change in inclination i
or jet angle α on the curve. We note that by changing both
i and α, but keeping the difference between the two angles
constant (as is the case for the solid black curve and the dotted
blue curve), the shape of the curve varies little and still fits the
data points well. This can also be seen in the two-dimensional
log χ2-plot of the fitting (Fig. 11). Hence, we do not assume the
best-fit model as the exact solution for this system, but show
that there is a clear correlation between the two angles. The
log χ2-valley shows a linear relation between the inclination
and jet angle. For inclinations between i = 40◦ and i = 80◦,
the difference between inclination and jet angle is about 10−13◦.
5.3. Velocity profile of the jet
The shape of the absorption wing in the Hα-profile does not only
depend on the inclination and jet angle, but also on the veloc-
ity structure in the jet. Two possible velocity profiles for the jet
are compared with the observed Hα absorption feature. The first
considered model has a constant velocity v0 throughout the jet,
with the velocity vector always pointing radially away from the
secondary component. The second model has a latitudinally de-
Fig. 11: log χ2 results for inclination and jet angle. The cross in-
dicates the best-fit model with parameters i = 80◦ and α = 68◦.
The lower panel shows the difference between inclination and jet
angle of the best-fit model for each value of inclination.
pendent velocity structure, which is also independent of the ra-
dial component:
v(θ)rˆ =
[
v0 + (vα − v0)
(
θ
α
)p]
rˆ, (3)
with θ the polar latitudinal coordinate and vα the velocity at the
jet edges. For the constant velocity model we have vα = v0.
The latitudinally dependent velocity structure was suggested
by Thomas et al. (2013) for the velocity structure of the outflow
in the RR and considers the material in the jet with the high-
est velocities to be along the jet axis, while at the edges of the
jet, the outflowing material has the lowest velocities. This pro-
file, with an inner high-velocity component and an outer low-
velocity component in the jet, is also observed in several accret-
ing T Tauri stars (Coffey et al. 2004; Bacciotti et al. 2000) and is
similar to the two-component outflow described by Romanova
et al. (2009).
In order to determine theRV of the material in the jet towards
the observer, we must project its velocity onto our line of sight
(Fig. 12):
vLOS(θ) = v(θ)rˆ · nˆ − vs(θ), (4)
with vs(θ) the RV component of the secondary. These projected
line-of-sight velocities were calculated as a function of orbital
phase at three positions in the jet: the projected velocity at the
jet entrance vLOSα1 = vα1 rˆα1 · nˆ − vs, the projected velocity at the
jet exit vLOSα2 = vα2 rˆα2 · nˆ − vs, and the projected velocity of the
intersection point of the line of sight with the plane parallel to
the xz-plane, which contains the jet axis vLOS0 = v0rˆ0 · nˆ − vs.
The three projected velocities were calculated for both ve-
locity structures. The geometrical model used for the calcula-
tions has the orbital parameters of Table 2. In Section 5.2 we
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Fig. 12: Projection of the velocity in the jet onto the line-of-sight.
showed the relation between the inclination of the system and
jet angle (i − α ≈ 12◦), although neither angle could be deter-
mined precisely. For this reason, we used an example case for
the geometrical model, which holds to the relation i = 52◦ and
α = 40◦.
• Constant velocity profile
The constant velocity structure has a jet velocity of
v0 = 400 km s−1. This velocity v0 was chosen such that the
highest projected velocities match the highest velocity of
the blue edge of the absorption feature in the Hα profile at
−400 km s−1. Figure 13 shows the projected line-of-sight
velocities of the constant velocity profile as a function of
orbital phase. These are plotted over the dynamic spectra
of the Hα profile. As in the previous section, we only
considered the observation between the time interval BJD
= 2455790 − 2456000 d, which is well sampled. Again, the
reason not to include all observations is the variability of the
jet outflow throughout time.
The constant velocity model predicts the highest projected
velocities to be reached close to the jet exit, vLOSα2 . According
to the model, vLOSα2 stays nearly constant during the obscura-
tion of the jet. This disagrees with the RV of the observed
blue edge of the absorption wing. From phase φ ≈ 0.45 to
φ ≈ 0.55, this maximum blueshifted velocity of the absorp-
tion rises steeply to a maximum. From φ ≈ 0.55 to φ ≈ 0.65,
the maximum blueshifted velocity decreases again until the
absorption wing disappears.
Secondly, the strong absorption at ∼ −50 km s−1 in the lower
panel of Fig. 13 cannot be explained by this model. Between
phases φ ≈ 0.5 and φ ≈ 0.65, this strong absorption region is
located in between projected velocities vLOSα1 and v
LOS
0 , where
vLOS0 appears to follow the edge of this absorption region.
This would suggest that most of the absorption takes place
close to the jet entrance, which is not the case, since the
strongest absorption region does not follow the vLOSα1 -curve,
but instead has a constant RV shift of −50 km s−1. These in-
consistencies show that a constant velocity structure is un-
able to predict the observed absorption features.
• Latitudinally dependent velocity profile
The second profile is the latitudinally dependent velocity
profile, where the velocities in the jet are given by Eq. 3,
with vα = 60 km s−1 and v0 = 600 km s−1. The projected
line-of-sight velocities for the latitudinally dependent veloc-
ity structure, vLOSα1 (dash-dotted line), v
LOS
α2
(dashed line), and
vLOS0 (full line) are plotted over the same dynamic spectra
in Fig. 14. We immediately notice the difference between
the RV curves of both profiles. For the constant velocity
profile, the highest projected velocities were reached at
the jet axis, while the lowest radial velocities are reached
at the jet entrance. This is different for the latitudinally
dependent profile, where the highest projected velocities are
reached along the plane that contains the jet axis and which
is parallel to the xz-plane.
We note for this profile that the projected velocity curve of
vLOS0 matches the blue edge of the absorption wing fairly
well. This suggests that the absorption, which is observed
at the highest blueshifted velocities, occurs in the plane in
the jet that contains the jet axis and which is parallel to the
xz-plane.
The projected velocities at jet entrance vLOSα1 and jet exit v
LOS
α2
stay more constant throughout the orbital phase. vLOSα2 only
shows a small shift in velocity that is due to the orbital mo-
tion of the secondary. Moreover, vLOSα2 matches the absorp-
tion maximum of the dynamic spectra in the lower panel of
Fig. 14 very well. The absorption maximum appears around
phase φ ≈ 0.4 at an RV shift of ∼ −50 km s−1. At this
phase, the line of sight enters the jet, and thus the absorp-
tion is caused by the material at the edge of the jet. This is
in agreement with vLOSα1 and v
LOS
α2
of the model, which rep-
resent the velocities at the edges and are also first seen at
phase φ = 0.4. vLOSα2 seems to follow the absorption maxi-
mum of the Hα profile reasonably well. This is not the case
for vLOSα1 , however, since it only matches the absorption max-
imum around phases φ = 0.4 and φ = 0.7.
5.4. Discussion and conclusions on the geometry of
BD+46◦442
We conclude that the inclination or jet angle cannot be deter-
mined without constraints on the inclination, as there is a clear
correlation between the two parameters. Thus, if the inclination
is known, the jet angle can be determined as well. By compar-
ing the latitudinally dependent velocity structure with the Hα
absorption feature, we conclude that most of the absorption will
occur close to the jet edges and less at the jet axis. This can
be explained physically by a latitudinal density gradient in the
jet with a decreasing density towards the jet axis. Hence, the jet
has a low-velocity, high-density outflow at the edges and a high-
velocity, low-density outflow along the jet axis.
This jet profile is similar to the configuration discussed
in Romanova et al. (2009), where the outflow in accreting T
Tauri stars consists of a conical-type wind and a magnetically
dominated axial jet. The conical wind has velocities close to the
Keplerian velocity in the disk from which the wind is ejected,
and has a higher density than the axial jet. The magnetically
dominated axial jet has a low density and is accelerated towards
high velocities. Whether a similar physical process is working in
the evolved binary BD+46◦442 is difficult to test as the strength
of the magnetic field is not constrained. Moreover, we can
show that the jet of BD+46◦442 is not strongly collimated. By
9
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Fig. 13: Projected line-of-sight velocity for the constant velocity profile. These are plotted over the normalised dynamic spectra of
the Hα profile of BD+46◦442 observed between BJD = 2455790 d and BJD = 2456000 d. The upper panel shows the observed
spectra corrected for the photospheric contribution of the primary. The lower panel is the difference between the photospheric
corrected spectra and a template spectrum taken at phase φ = 0.09, representing the variations in the strength of the absorption
feature as a function of orbital phase. The continuum corresponds to a flux value of zero. Hence, absorption is represented by
negative flux values and emission by positive values. The grey curves correspond to vLOS0 (full line), v
LOS
α1
(dash-dotted line), and
vLOSα2 (dashed line).
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Fig. 14: Similar to Fig. 13, but for the latitudinally dependent velocity profile. The grey curves correspond to vLOS0 (full line), v
LOS
α1
(dash-dot line), and vLOSα2 (dashed line).
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Fig. 15: Left: Illustration of the assumed geometry of BD+46◦442 for the Doppler tomography in the co-rotating frame of the binary.
The mass centre of the binary coincides with the origin, and the blue dashed curve are the Roche lobes of the binary. The primary
is located on the positive x-axis, and the position of the secondary is indicated with the cross on the negative x-axis. The purple
curve represents the gas stream from the L1-point towards the secondary. The accretion disk is centred on the secondary. Right: The
system represented in velocity coordinates. The primary is represented as the full black circle, located on the positive Vy-axis. The
location of the secondary is indicated by the cross on the negative Vy-axis. The curve originating from the primary indicates the
actual velocity of the mass stream. The curve that originates at a higher Vy-velocity indicates the Keplerian velocities at the path of
the mass stream. The velocities of the accretion disk are represented by the dashed and dotted circles, centred on the secondary. The
four circles represent, from outside to inside, a projected Keplerian velocity of 150, 100, 75, and 50 km s−1, respectively.
applying the assumed mass ratio of q = 0.6 in the mass function,
we found that the inclination angle of the binary system must
be higher than at least ∼ 37◦, such that the mass of the evolved
star would be lower than the maximum mass of a white dwarf
(≈ 1.4 M). Hence, with this lower limit for inclination and from
the relation between the inclination and jet angle, it follows that
the jet cannot be strongly collimated. It is more a confined wind
with a wide opening angle than a strongly collimated jet. These
confined winds have previously been suggested to be present in
PPNe and PNe as well (e.g. Soker 2003, 2004). Soker (2004)
in particular showed that the pairs of fat bubbles observed in
several PNe are formed by jets with a half opening angle ≥ 40◦.
Additionally, wide outflows originating from a disk around the
companion have been implemented in simulations by Akashi
& Soker (2008, 2013, 2016) in order to reproduce the shapes
of these PPNe and PNe. Hence, these theoretical studies are in
good agreement with our observational results.
Some features still remain unconstrained, such as the ob-
served absorption at a redshifted RV of ∼ 60 km s−1 (lower panel
of Fig. 14). This absorption might have a physical origin, but
could also be due too the subtraction of the template spectrum,
creating a non-physical absorption feature.
6. Doppler tomography
The double-peaked emission profile of Hα and its phase-
dependent variations contain information on the intensity distri-
bution and structure of the circum-companion disk. These orbital
variations are studied through the technique of Doppler tomogra-
phy. A more detailed description of Doppler tomography is pro-
vided by Marsh & Horne (1988). The technique allows us to im-
age the accretion disk indirectly, such that asymmetric structures
in the disk can be identified. In order to construct the Doppler
map, we used the maximum entropy method that is included in
the TRM-DOPPLER2 software package written by Tom Marsh.
Figure 15 illustrates the system in spatial coordinates in
the co-rotating frame of the binary system. We define phase
φ = 0 at inferior conjunction, when the primary is in between
us and the secondary. This corresponds to the observer being
positioned at the positive x-direction. Throughout the phase,
the location of the observer rotates clockwise in the co-rotating
frame. We construct the Doppler map following this geometry,
which is shown at the right in Fig. 15. We note that the velocity
curve of the mass stream reaches higher radial velocities than at
the origin, which is due to the acceleration of the mass stream
from the L1-point towards the accretion disk. The second curve
originates from a higher position on the Vy-axis and represents
the Keplerian velocities that the accretion disk would have at the
position of the mass stream. We note that the highest Keplerian
velocities are reached in the inner disk and are projected farther
out from the origin on the velocity map. Hence, the velocity
map represents the accretion disk inside-out.
The photospheric corrected Hα spectra were used in order
to produce the Doppler maps. We mention that these maps are
very sensitive to the input data. When we excluded or included
different wavelength regions, we noted that the asymmetry in
the Doppler map varied significantly. Hence, we examined the
2 The TRM-DOPPLER software package can be obtained from
https://github.com/trmrsh/trm-doppler.
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Fig. 16: Doppler tomograph of BD+46◦442 in Hα. The colours
indicate the flux contribution.
considered wavelength ranges and the spectra thoroughly before
initiating the calculations of the Doppler maps.
Eleven spectra were excluded because they had a low signal-
to-noise ratio, which causes artefacts in the Doppler maps. The
excluded spectra are N = 5, 11, 14, 19, 21, 52, 69, 79, 85, 86, and
103 of Table B.1. Telluric lines and cosmic hits are removed
in the remaining spectra. The spectra between orbital phase
φ = 0.25 and φ = 0.75, which contain the extended blueshifted
Hα absorption feature, are also excluded, since this absorption
feature prevents us from analysing the map properly.
By excluding the discussed wavelength regions and the ob-
servations with a low signal-to-noise ratio, we improved the
quality of our Doppler map. The resulting map is shown in Fig.
16. The map shows a circular structure with an intensity peak-
ing at radial velocities between 40 − 100 km s−1. The strongest
emission is located in the upper-right quadrant of the map. In or-
der to relate the features in this Doppler map with the structure
of the accretion disk, we plot the velocity coordinates of Fig. 15
over the Doppler map. This is done for two inclination angles
of the system and is shown in Fig. 17. First, we consider the
disk velocities. The dashed and dotted curves, which represent
the projected Keplerian velocities within the accretion disk, give
a good indication at which velocities we observe the strongest
emission. The inner disk rim (represented by the outer veloci-
ties in the Doppler map) reaches projected velocities of up to
150 km s−1. The largest flux contribution is located at the upper-
right quadrant of the Doppler map, with a second peak at the
upper-left quadrant. The location and strength of these peaks can
be related to different structures in the accretion disk, such as a
hot spot or spiral shocks (Marsh 2001). A hot spot in the ac-
cretion disk will be located at the position where a mass stream
hits the accretion disk and causes an increased flux, which can
be identified in the Doppler map as an emission peak. This has,
for instance, revealed a hot spot in the accretion disk of CE-
315 (Steeghs 2004). The observed bright emission spot in the
Doppler map of this cataclysmic variable overlaps the velocity
curve of the mass stream, which indicates that the emission peak
is related to a hot spot in the disk.
We note that the second brightest emission peak in the
Doppler map of BD+46◦442 overlaps the curves representing
the gas stream. This could be an indication of a hot spot in the
accretion disk around the secondary component, at a radius
where the matter reaches projected Keplerian velocities of
50-75 km s−1. The brightest emission peak, located at the
upper-right quadrant, does not overlap these curves, however.
Hence, a hot spot caused by a mass stream from the L1-point
to the accretion disk cannot be the origin of this emission peak.
Other sources for this emission peak in the Doppler map could
be an asymmetrical structure of the disk itself, or a mass stream
from the circumbinary disk onto the secondary component. We
wish to emphasize here that since the spectra between orbital
phase φ = 0.25 and φ = 0.75 were excluded, the system is
only viewed at half the orbital phase. This also influenced the
construction of the Doppler map and might cause the resulting
emission peaks in the map.
Our Doppler images resolve the accretion disk and the veloc-
ity structures in it. The second brightest emission peak could cor-
respond to a hot spot at the location where a putative gas stream
from the primary would feed the accretion disk. This is not clear,
however, since the asymmetrical structure of the Doppler map
could also imply that the accretion disk has an asymmetrical
structure itself, or that this asymmetry is due to the exclusion
of spectra for half the orbital phase.
7. Discussion and conclusions
By performing a quantitative analysis of the post-AGB binary
BD+46◦442, we showed that an active binary interaction in
the system leads to the creation of an accretion disk around
the secondary component, facilitating a disk-driven outflow or
jet. However, the nature of this binary interaction is not yet
conclusively clear. The most probable sources to feed the disk
around the secondary component are either a mass stream from
the dust disk surrounding the binary system, or the accretion
of matter from the evolved star through wind RLOF. A mass
stream from the evolved star to the secondary often results in
hot spot at the location where the mass stream hits the accretion
disk. Doppler tomography is an effective technique to identify
these hot spots. This has, for instance, determined a hot spot
in the accretion disk of dwarf nova U Geminorum (Marsh
et al. 1990) and cataclysmic variable WZ Sagittae (Spruit &
Rutten 1998). The Doppler map of the Hα line of BD+46◦442
shows two emission peaks, one of which might be caused by
a mass transfer from the primary feeding the disk. This is
not conclusive, however, since the emission peak could also
be caused by an asymmetrical structure in the disk, or by the
exclusion of spectra that cover half an orbital phase.
The jet-launching mechanism is most often explained by the
interaction of the disk material with a magnetic field (Blandford
& Payne 1982). This magnetic field removes angular momen-
tum from the accretion disk and can significantly contribute to
the launching and collimation of jets, as was shown by Nordhaus
et al. (2007). Some PNe harbour high-velocity outflows that are
rather collimated, such as the Necklace (Corradi et al. 2011),
Abell 63 (Mitchell et al. 2007), NGC6778 (Guerrero & Miranda
2012), and ETHOS 1 (Miszalski et al. 2011). Tocknell et al.
(2014) have derived the magnetic field strength for these four
systems, which is in the order of ten gauss for systems where
the jet is launched before the common-envelope (CE) phase (the
Necklace, Abell 63, and ETHOS 1), or in the order of hundreds
up to a few kilogauss when the CE phase predates the jet ejec-
tion, as is the case for NGC6778. The collimation of these out-
flows is thus likely caused by the magnetic field.
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Fig. 17: Doppler tomograph of BD+46◦442 in Hα (left) and the corresponding accretion geometry (right). The map is overplotted
with the velocity coordinates of the model for inclination angles of 60◦ (top left) and 80◦ (bottom left). The curves shown are similar
as for Fig. 15. The points marked on the ballistic trajectory in the geometrical image correspond to the points marked on the curve
representing the ballistic trajectory of the gas stream in the Doppler map. The four circles on the Doppler map represent, from
outside to inside, a projected Keplerian velocity of 150, 100, 75, and 50 km s−1, respectively. These correspond to the four circles
on the geometrical image.
For BD+46◦442, no magnetic field is known, however. Our
modelling shows that the jet is a confined wind with a wide open-
ing angle, and not a strongly collimated jet, as discussed in Sect.
5.4. A significant magnetic field causing a strong collimation of
the jet is therefore rather unlikely for this system.
The velocity structure of the jet can be explained best by a
latitudinally dependent structure, with the lowest velocities at the
jet edges and the highest velocities along the jet axis (Sect. 5.3).
The highest jet velocities rely strongly on the nature of the sec-
ondary component, since they must be of the order of the escape
velocity near the surface of the accreting object (Livio 1997).
This implies that the jet is launched from the inner regions of
the accretion disk, close to the secondary component. Hence, in
order to have an estimate of the order of the escape velocity, we
must approximate the mass and radius of the secondary. If we
assume the evolved component to have a mass of M1 = 0.6 M
(which is the mass of a typical post-AGB star), then the mass
of the secondary can be derived from the mass function and de-
pends only on the inclination i. This results in a secondary mass
of 1.48 M, 0.88 M, or 0.71 M, for inclinations of 40◦, 60◦, or
80◦, respectively. The two most plausible candidates for the sec-
ondary component are either an MS star or a WD. We first con-
sider the secondary to be an MS star. The radius of the secondary
can be approximated from the mass-radius relation of Demircan
& Kahraman (1991) for low-mass terminal-age MS stars:
R2  2.00R ·
(
M
M
)0.75
. (5)
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The projected escape velocities for the inclinations and
stellar masses given above then become vMS,esc · cos i ≈
940 km s−1, 390 km s−1, and 110 km s−1. Hence, for inclinations
between i ≈ 45−75◦, the projected escape velocity is of the order
of the maximum observed jet velocity (v0 · cos i = 400 km s−1).
Next, we determine the projected escape velocity again, but for
a WD instead of an MS star as companion. The escape velocity
of a WD is in the order of 5000 km s−1. The projected escape ve-
locity is only of the order of the observed jet velocity, provided
that the inclination is in a narrow range between 81◦ and 87◦
(vWD,esc · cos i ≈ 760 − 250 km s−1). At these inclinations, and
given the mass function, the mass of the WD is 0.7 M, which
leads to a mass ratio of q ≈ 0.86. This is very unlikely given the
absence of a clear orbital motion in the Hα line (see Fig.5). We
do not see symbiotic activity either, which may be expected in
accreting WDs. We conclude that the secondary component is
most likely an MS star and not a WD.
Although jet formation is clearly present in this system, the link
to the more embedded sources, namely PPNe and PNe, remains
to be studied. In addition to the Red Rectangle and BD+46◦442,
we have accumulated spectra of many more systems, which
shows that the jets are very commonly observed (Van Winckel
2017). In our future research, we will investigate the whole sam-
ple, which will allow us to place constraints on the accretion
and jet creation physical processes and their relation to orbital
properties. Systems like BD+46◦442 are bright and offer unique
possibilities to study accretion processes and jet creation. Very
high spatial resolution imaging via interferometry will yield im-
portant constraints on accretion processes and the structure and
launching physics of jets.
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Appendix A: Calculations of the path length
through the jet
These are the analytical calculations of the path length through
the jet, based on the geometrical model of Fig. 6. First, we
define the coordinates. The origin is at the centre of mass of
the system. The orbital plane of the two components is in the
xy-plane. The z-axis is perpendicular to the orbital plane and
has the same direction as the orbital angular velocity vector. At
phase φ = 0, the primary is positioned on the positive y-axis
and the secondary on the negative y-axis. The primary and
secondary component follow elliptic orbits and their spatial co-
ordinates, (XP(φ),YP(φ), 0) and (XS (φ),YS (φ), 0) for the primary
and secondary, respectively, at a given phase are determined by
the orbital parameters of the system.
The jet is considered as a double cone with aperture 2α, the
position of the secondary (XS (φ),YS (φ), 0) as its apex and the jet-
axis parallel to the z-axis. The parametric equation of the cone
is given by:
x(u, ν) = XS (φ) + u cos(ν) tan(α) 0 ≤ ν ≤ 2pi (A.1)
y(u, ν) = YS (φ) + u sin(ν) tan(α) 0 ≤ ν ≤ 2pi (A.2)
z(u, ν) = u, (A.3)
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Fig. A.1: Primary represented as a disk in the geometrical model.
The disk is divided into 25 parts, with the grid points represent-
ing the intensity from each part according to their size.
with parameter u the height along the jet-axis and ν the azimuth.
From the parametric equation, we can determine the implicit
Cartesian equation for the cone:
z2(u, ν) tan2(α) = (x(u, ν) − XS (φ))2 + (y(u, ν) − YS (u, ν))2. (A.4)
The line of sight has a direction nˆ = (0, sin(i), cos(i)) and is par-
allel to the yz-plane. The parametric form of the line of sight is
given by
x(s(φ)) = xp(φ) (A.5)
y(s(φ)) = yp(φ) + s(φ) sin(i) (A.6)
z(s(φ)) = zp(φ) + s(φ) cos(i), (A.7)
with (xp(φ), yp(φ), zp(φ)) a point on the surface of the primary,
which is considered as a disk (we note that (xp(φ), yp(φ), zp(φ))
is not necessarily the centre of the primary (XP(φ),YP(φ), 0)).
The path length through the jet is the distance between the two
intersection points, s1(φ) and s2(φ), of the line of sight and the
jet. These points can be computed by substituting Eqs. A.5, A.6
and A.7 in Eq. A.4:(
zp(φ) + s(φ) cos(i)
)2
tan2(α) =
(
xp(φ) − XS (φ)
)2
(A.8)
+
(
yp(φ) + s(φ) sin(i) − YS (φ)
)2
⇔
[
tan2(α) cos2(i) − sin2(i)
]
· s2(φ) (A.9)
+
[
2zp(φ) tan2(α) cos(i) + 2(YS (φ) − yp(φ)) sin(i)
]
· s(φ)
+z2p(φ) tan
2(α) − (xp(φ) − XS (φ))2 − (yp(φ) − YS (φ))2 = 0.
Solving this equation for s(φ) gives the two intersection points:
s1(φ) = (A.10)
−[2zp(φ) tan2(α) cos(i)+2(YS (φ)−yp(φ)) sin(i)]+
√
D(φ)
2[tan2(α) cos2(i)−sin2(i)]
s2(φ) = (A.11)
−[2zp(φ) tan2(α) cos(i)+2(YS (φ)−yp(φ)) sin(i)]−
√
D(φ)
2[tan2(α) cos2(i)−sin2(i)] ,
with
D(φ) = (A.12)
4
[
zp(φ) sin(i) tan(α) − (yp(φ) − YS (φ)) tan(α) cos(i)
]2
+4(xp(φ)XS (φ))2 ·
(
tan2(α) cos2(i) − sin2(i)
)
.
Hence, the path length at each orbital phase is given by
s(φ) = s2(φ) − s1(φ).
The primary, which is an evolved giant, cannot be considered
as a point mass because of its relatively large stellar radius. For
this reason, we consider the primary in our model as a uniform
disk with the same radius as the stellar radius. The uniform disk
contains 25 grid points, as is shown in Fig. A.1. Each grid point
represents the surface it is positioned in. The intensity Ii of each
part, relative to the total intensity Itot of the surface is:
Ii =
Ai
Atot
Itot, (A.13)
with Ai the surface of part i and Atot the total surface. Hence, we
do not take limb darkening into account. At each orbital phase,
the path length is calculated for the line of sight going through
each grid point of the disk. Since the grid points represent the
intensity from each part of the disk, the path length of all grid
points are summed according to their relative weight:
stot =
25∑
i
Ai
Atot
si. (A.14)
Appendix B: Radial velocities
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Table B.1: Exposure time and radial velocities of BD+46◦442.
N BJD Exp. RV σ
−2455000 d s km s−1 km s−1
1 31.7079 1800 -88.02 0.23
2 42.6956 1200 -78.38 0.26
3 60.6997 1800 -74.86 0.22
4 60.7211 1800 -73.11 0.37
5 85.6417 530 -91.14 0.22
6 92.6438 520 -97.11 0.24
7 100.6184 522 -108.44 0.16
8 125.4916 525 -122.69 0.22
9 131.5309 800 -120.16 0.26
10 159.5515 800 -99.10 0.56
11 159.5611 653 -99.57 0.56
12 199.3349 1000 -73.34 0.45
13 216.3841 900 -81.22 0.37
14 224.3558 900 -88.57 0.30
15 421.6270 700 -116.60 0.22
16 425.6729 600 -112.47 0.26
17 432.5857 600 -106.70 0.21
18 468.6638 721 -75.74 0.31
19 471.6246 600 -74.63 0.57
20 499.5413 600 -81.54 0.14
21 507.4677 1200 -88.58 0.21
22 553.4767 900 -121.98 0.14
23 573.3428 900 -106.24 0.26
24 581.3361 1000 -99.42 0.19
25 767.7082 900 -74.87 0.28
26 769.7095 900 -75.62 0.26
27 776.7314 900 -79.69 0.43
28 783.6924 900 -84.01 0.37
29 791.7376 900 -94.33 0.10
30 797.7256 900 -99.14 0.09
31 826.6507 1150 -122.48 0.23
32 835.5716 900 -120.55 0.12
33 841.4968 1200 -118.46 0.17
34 842.5869 900 -117.06 0.20
35 845.6115 900 -114.07 0.24
36 848.4110 900 -112.27 0.18
37 852.5181 1200 -109.07 0.20
38 857.6440 900 -103.89 0.17
39 860.5961 900 -101.69 0.20
40 866.5383 900 -96.54 0.18
41 870.5593 900 -93.90 0.34
42 872.6056 900 -91.35 0.19
43 880.5575 900 -82.86 0.15
44 882.4635 900 -82.28 0.28
45 884.5534 900 -81.31 0.32
46 886.4946 900 -80.58 0.24
47 888.5519 1027 -80.09 0.25
48 890.5195 1300 -79.45 0.22
49 890.5351 1300 -79.70 0.20
50 903.3808 900 -74.18 0.17
51 911.4050 1600 -75.50 0.34
52 930.3926 1200 (...) (...)
53 934.4143 900 -96.28 0.14
54 940.3635 1300 -103.25 0.39
55 943.4399 900 -107.07 0.27
56 948.3964 900 -112.70 0.37
57 953.3599 900 -117.99 0.15
58 956.3969 900 -118.22 0.37
59 957.4816 1000 -118.98 0.39
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Table B.1 Continued
N BJD Exp. RV σ
−2455000 d s km s−1 km s−1
60 968.4543 750 -120.74 0.49
61 1127.6495 700 -114.17 0.46
62 1134.6397 700 -107.97 0.37
63 1152.6995 660 -93.23 0.13
64 1166.6584 900 -82.07 0.23
65 1179.5528 940 -74.35 0.13
66 1194.6011 900 -75.15 0.19
67 1199.6301 900 -77.95 0.24
68 1200.6435 900 -78.75 0.22
69 1212.5012 900 -90.66 0.22
70 1247.4768 900 -122.67 0.20
71 1266.4321 900 -114.01 0.29
72 1306.3493 900 -82.31 0.36
73 1320.3713 900 -75.09 0.25
74 1322.3294 900 -74.35 0.17
75 1324.3398 1200 -74.13 0.22
76 1332.3630 1000 -74.08 0.15
77 1470.7074 900 -73.56 0.25
78 1484.6901 950 -81.28 0.17
79 1505.7255 900 -105.43 0.22
80 1515.7182 660 -114.61 0.18
81 1531.6971 900 -122.19 0.15
82 1559.6417 900 -103.66 0.14
83 1565.7152 900 -99.82 0.13
84 1597.6389 900 -74.19 0.18
85 1611.5700 900 -73.13 0.31
86 1631.5401 900 -87.94 0.19
87 1661.3673 900 -118.27 0.32
88 1670.3677 900 -121.08 0.27
89 1700.3739 900 -105.30 0.11
90 1869.7322 900 -82.32 0.13
91 1894.6891 900 -73.47 0.28
92 1905.6457 810 -80.74 0.10
93 1908.5946 600 -82.98 0.17
94 1930.6295 900 -105.96 0.17
95 1961.4932 900 -122.17 0.20
96 1995.3929 900 -93.90 0.11
97 2027.3705 700 -72.85 0.18
98 2057.4416 700 -91.29 0.18
99 2208.7132 900 -104.23 0.25
100 2238.6683 900 -120.44 0.16
101 2267.6976 680 -102.67 0.14
102 2268.6904 900 -101.90 0.13
103 2342.5220 750 -94.39 0.19
104 2400.3956 1800 -108.86 0.21
18
